This paper focuses on the transient stability of a hydro-turbine governing system with three kinds of tailrace tunnels. As the transfer coefficients change with operation conditions, the dynamic transfer coefficients which can describe the transient characteristics of the hydro-turbine governing system are introduced. Then, the transient stability of the hydro-turbine governing system is analyzed. The global bifurcation diagrams for the three kinds of tailrace tunnels are respectively presented to investigate the effects of the tailrace tunnels on the stability of the hydro-turbine governing system. Furthermore, theoretical analysis which proves the validity of simulation results is provided to explain the effects of the flow inertia and water level fluctuation. In addition, the influence of the tailrace tunnel gradient on the transient stability is also studied. More importantly, these methods and research results provide theoretical guidance for the arrangement of the tailrace tunnel and the operation of the hydropower station.
Then, the Eq. (1) can be written as (Guo, Yang, Wang & Lai, 2015) : 
For general tailrace tunnel with 2-4% sloping ceiling it is reasonable to assume that the wave crest of the free surface-pressure flow always moved along the tunnel (Lai, Chen & Yang, 2001) . Hence, the continuity equation of flow can be obtained as λ and α denote the cross-section coefficient of tailrace tunnel and the gradient of the inclined ceiling tailrace, respectively. Eq. (5) is then obtained by using the equations of wx T and y z . 
where h e , x e and y e are partial derivatives of the hydro-turbine torque with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 respect to head, turbine speed and guide vane opening, respectively. qh e , qx e and qy e denote partial derivatives of the flow with respect to head, turbine speed and guide vane opening, respectively.
The dynamic characteristics of generator and load can be expressed as
the relative derivations of turbine speed, kinetic moment and resisting moment, respectively. The subscript 0 denotes the initial value. a T and g e are the inertia time constant of the unit and self-regulation coefficient of load.
The dynamic characteristics of hydraulic servo system can be obtained as ) 3 The hydro-turbine governing system with pressurized flow tailrace For the pressurized flow tailrace, two representative models are established. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 From Eq. (2) and (6)-(9), two nonlinear dynamic models of the hydro-turbine governing system with pressurized flow tailrace are established. 
The change of flow inertia wx T is considered in the second model. Then the dynamic equation of the penstock can be written as
The second model considering the change of flow inertia wx T can be obtained as: 
The nonlinear dynamic expression of hydro-turbine transfer coefficients
Transfer coefficients change with the operation condition, which has important effect on the stability of hydro-turbine governing systems during transient processes (Zhang, Chen, Xu & Wang, 2015; Zhang, Chen, Wu, Wang, Lee & Jung, 2017; Zeng, Yang, Tang & Yang, 2016) . Previous research on the transient stability analysis of the hydro-turbine governing system used fixed transfer coefficients to describe transient performance. This may result in the inaccurate results during transient processes (Zhang, Cheng, Xia, Yang & Qian, 2016; Yang, Norrlund, Saarinen, Yang, Guo & Zeng, 2016; Li & Zhou, 2011; Ling & Tao, 2006) . To better describe the transient performance of the hydro-turbine governing system, dynamic transfer coefficients considering the load variations are introduced to investigate the transient stability of the system.
Transfer coefficients change with operation conditions (Zhang, Chen, Xu & Wang, 2015) . The relationships between the relative unit power (P) and the transfer coefficients are shown in Fig. 2 (Zhang, Chen, Xu & Wang, 2015) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 processes and the cyclical change of the load is the common form during the transient processes. In order to analyze the transient process of load fluctuation, we assume that the relationship between the load variation and time t is considered as
where g m denotes the relative derivation of resisting moment and the scaled resisting moment is the scaled load. 
The hydro-turbine governing system is a time-varying system during transient processes. In order to describe dramatic changes of its transient performance, dynamic expressions of the transfer coefficients considering the load variations are introduced for the stability analysis of the system during transient processes. Substituting Eq. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (15)-(20) into Eq. (10), the nonlinear transient model of the hydro-turbine governing system with inclined ceiling tailrace during the load fluctuation process can be obtained:
Similarly, the nonlinear transient model of governing system with pressurized flow tailrace can be got as
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The model of the system with pressurized flow tailrace and additional flow inertia can be written as 
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Numerical experiment
In this paper, we use bifurcation diagram to investigate the effect of load fluctuation on the stability of the system with different kinds of tailrace tunnels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 It deserves to note that the absolute maximum of the relative deviation of the turbine discharge during the load increase process is about three times that during the load decrease process. This is detrimental for the stability of the system and the load increase process is worth to attention.
It can be seen from Fig. 4 that the relative deviation of the turbine discharge shows unstable vibration during the load fluctuation process, especially the load increase process. The maximum of the relative deviation of the turbine discharge is 1.19 during the load increase process and there is positive-negative conversion of the turbine discharge during the load decrease process. These results indicate that the stability of the systems with pressurized flow tunnels is poorer compared with system with inclined ceiling tailrace. Fig. 5 shows responses of the relative deviation of the turbine discharge similar to system with pressurized flow tunnel (Fig. 4) . The maximum of the relative deviation of the turbine discharge is 1.51 during the load increase process. The results
show that systems with pressurized flow tunnels are characterized by a better stability 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 than those with pressurized flow tunnels and flow inertia.
Overall, systems with inclined ceiling tailrace show better stability compared with other solutions. These results from numerical analysis can be explained by the following theoretical analysis. Therefore, the water level fluctuation of the free flow is beneficial to the stability of the system regardless of the load increase or decrease. From the above analysis, the system with inclined ceiling tailrace can get the best stability among the three tailrace 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 These results indicate that the change of transient flow inertia ( wx T ) may be positive resulting from the increase of the load and it is always negative if the load is decreasing. Positive changes of transient flow inertia are bad for the stability of the system while negative changes always improve the stability of the system. From Figs.
3, 6a and 6b, the absolute value of the relative deviation of the flow at 0.5s t = is much bigger than that at 1.5s t = , which can prove that the positive value of transient flow inertia is detrimental to the system and the negative value of transient flow inertia can improve the stability of the system. These results can prove the correctness of the theoretical analysis.
The gradient of the inclined ceiling tailrace is the key factor affecting the relationship between flow inertia and water level fluctuation (Guo, Yang, Chen & Teng, 2014) . Therefore, for different gradients of the inclined ceiling tailrace, the bifurcation diagrams of hydro-turbine governing system are presented to analyze the effect of the gradient on the dynamic characteristics of the system during the load fluctuation process. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 These results indicate that the stability of the system can be improved by increasing the gradient of the inclined ceiling tailrace.
Conclusions
The transient stability of the hydro-turbine governing system with three kinds of tailrace tunnels is investigated in this paper. The dynamic models of the hydro-turbine governing system are developed for stability analysis during transient processes by introducing dynamic transfer coefficients. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Bifurcation diagrams of the systems indicate that the stability of the system with inclined ceiling tailrace is the best among the three considered tailrace systems.
Simulation results show that load increasing leads to positive values of the flow inertia. Otherwise, the flow inertia is negative. In addition, the increase of the gradient can further improve the stability of the system.
The theoretical results indicate that negative values of flow inertia are beneficial for the stability of the system. Otherwise, it has the opposite effect. The water level variations are always good for the system stability during the transient processes.
Theoretical results are consistent with the simulation results.
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